Legislation in Sweden and the European Union concerning the use of sewage sludge in agriculture is under revision and future concentration limits for pathogens in treated sludge are likely to be expected. The aim of this study was to evaluate the hygienization of Salmonella, Escherichia coli, Enterococcus and Clostridium perfringens through continuous anaerobic digestion at 35, 55 or 60 W C, as well as to investigate process stability and methane production at 60 W C. The results indicated that digestion at 55 or 60 W C with a minimum exposure time of 2 h resulted in good reduction of Salmonella, E. coli and Enterococcus and that anaerobic digestion could thus be used to reach the concentration limits suggested for the EU, as well as Sweden. Furthermore, stable continuous anaerobic digestion of sludge was achieved at 60 W C, albeit with 10% less methane production compared to digestion at 35 and 55 W C.
INTRODUCTION
The return of stabilized sewage sludge to farmlands is practiced in many European countries as a method of nutrient recycling. However, the European Union directive 278/86/ EEC concerning the use of sewage sludge in agriculture is currently under revision and more stringent legislation regarding quality of sludge intended for use on farmland is expected in the near future (EC ). In the working document for the revision of directive 278/86/EEC, reduction of pathogenic microorganisms is mentioned as a method to mitigate the risk of disease spreading when using sludge in agriculture (EC ). It is suggested that sludge quality will be ensured by the application of concentration limits for indicator organisms of pathogenic contamination in treated sludge. The suggested indicator organisms and concentration limits are shown in Table 1 . The Swedish Environmental Protection Agency (SEPA) has presented a national legislation proposal with more stringent concentration limits than those suggested for the EU (SEPA ). Furthermore, a concentration limit for the more thermotolerant genus Enterococcus is proposed which can be seen together with the other limits in Table 1 .
As temperature and exposure time are the most important factors for the reduction of pathogens, i.e. hygienization of sludge, the Swedish EPA suggests that hygienization of sludge can be achieved through a predigestion pasteurization step at 70 W C for 60 min or through anaerobic digestion at a combination of thermophilic temperature (52-60 W C) and a minimum exposure time in the digester (Olsen & . Thus, it is of importance to investigate process stability and methane production at this temperature as well as to estimate what is the minimum exposure time that renders effective hygienization of the sludge. The aim of this study was to determine whether 2, 2.5, 6 or 24 h minimum exposure time was needed to achieve hygienization of mixed primary and secondary sludge to the limits presented in Table 1 , through anaerobic digestion at 60, 55 or 35 W C, as well as through a pre-pasteurization step at 70 W C for 60 min. Furthermore, the process stability and methane production for continuous anaerobic digestion of sludge at 60 W C was determined.
METHODS
Five 20 liter active volume stirred tank reactors were used, together with water displacement gas collection tanks in a system as previously described by Jansen et al. () . Each reactor was set to a combination of temperature (35, 55 or 60 W C) and hydraulic retention time (HRT) (7 or 15 days) that was kept constant throughout the study. Gas analysis, removal of digested sludge and subsequent feeding was performed once every 24 h, except when performing microbial sampling during which, removal and feed of substrate was performed with the same time intervals as the minimum exposure times investigated (every 2, 2.5, 6 or 24 h).
Timeline and setting of minimum exposure time
Continuous digestion was performed for a period of 135 days, including a start-up phase and subsequent operation at steady state conditions for a minimum of three HRTs before the evaluation period of process parameters and microbial sampling (day 99 to 135). During microbial sampling, the interval for removal of digested sludge and feeding of substrate was changed 24 h before sampling from once every 24 h to maintenance every 2, 2.5, 6 or 24 h to evaluate the hygienization effect of the different minimum exposure times. The change of maintenance pattern 24 h before sampling was based on results from a previous study on decimation times for the analyzed pathogens, showing that a new steady state for pathogen concentrations after a change of feeding pattern is achieved after a maximum of 24 h in thermophilic reactors (Haghighatafshar ).
Substrates and inoculum
Sludge from Sjölunda municipal wastewater treatment plant (WWTP) in Malmö, Sweden, was used as feed in a mixture of 3:1 primary to secondary sludge based on volume which also roughly corresponded to a 3:1 ratio based on volatile solids (VS). The treatment plant has a load of 300,000 person equivalents, mainly domestic wastewater, and therefore can be considered a medium sized plant. New sludge was collected every 7 days and stored in a cold room at 5 W C until use.
The inoculum for mesophilic digestion was collected from full scale anaerobic digesters at the treatment plant operated at 35 W C with an HRT of 20 days and an average organic loading rate (OLR) of 2.7 kg VS m À3 d À1 . Thermophilic inoculum was collected from two pilot digesters, identical to the ones used in this study, which had been in stable operation for three months at 55 W C, an HRT of 15 days and an OLR of 2.8 kg VS m À3 d À1 being fed sludge from Sjölunda WWTP. For the reactors operated at 60 W C, the temperature was gradually increased from 55 to 60 W C by 1 W C per day before the start of the experiment.
Analysis of sludge and biogas
Analysis of biogas production (volume and composition) and reactor temperature was conducted daily and pH was measured three times a week. Sludge samples were analyzed once a week for total solids (TS), VS and total alkalinity using standard methods (SS-EN12879, SS-EN12880, EB ISO 9963-1). Twice-weekly analyses were undertaken spectrophotometrically for NH 4 -N, using Dr. Lange's LCK 303, as well as for acetate and propionate using gas chromatograph Agilent 6850 A equipped with a flame ionization detector and a 25 m (length)/0.32 μm (diameter), 0.5 μm (film) column. Biogas composition (CH 4 , CO 2 , and H 2 S as volumetric percentages) was determined with a portable gas analyzer, Sewerin SR2-DO.
Microbial sampling and analysis
Sampling for microbial analysis of pathogens was performed twice for each investigated minimum exposure time during the evaluation period (day 99 to 135). During the sampling of digested sludge, one liter of reactor sludge was first removed from the reactor to minimize risk of contamination from the outlet pipe from which, an additional 0.15 L of sludge was removed as a sample. All samples were immediately put in plastic jars, sealed and gradually cooled down together to 4-6 W C in a water bath before being shipped for analysis. Samples of pasteurized sludge were prepared by placing raw sludge in a sealed plastic jar which was subsequently heated for 30-40 min to 70 W C in a water bath, where it remained for 60 min, after which the sample was cooled gradually to 4-6 W C and shipped for analysis. The analysis for pathogens took place within 24 h of sampling. During the course of the experiment, it became apparent that the detection limit for Enterococcus (in colony forming unit (CFU)/g wet weight (ww)) was too high to show whether the suggested concentration limits had been achieved when expressed per gram of TS. Extra samples were thus prepared for Enterococcus for 24 and 2 h MET. These were prepared as described above with the exception that they were centrifuged at 145 g for 20 min upon which the centrifuged sludge pellet was collected for analysis. All samples had a temperature between 4-13 W C at the time of arrival at the lab- 
RESULTS AND DISCUSSION
Evaluation of process stability for anaerobic digestion of sludge at 60 W C Process parameters from the evaluation period are presented in Table 2 . All reactors exhibited a stable temperature, methane content and gas production, and the levels of the inhibitory substances, Total ammonia nitrogen (TAN) and volatile fatty acids, were also low and stable. A slightly lower methane content and gas production, and higher levels of volatile fatty acids, were detected in the reactors operated at 60 W C, but the levels were stable throughout the evaluation period and lower than reported inhibitory levels (Gerardi ; Chen et al. ). It can thus be concluded that stable continuous digestion at 60 W C can be achieved for mixed primary and secondary sludge, albeit with 10% less methane production than from digestion at 55 or 35 W C at the same HRT and OLR.
A possible explanation for the loss of methane production in the reactor operated at 60 W C and 15 days HRT could be the severe reduction of the Methanosarcinaceae in this reactor compared to the reactors operated at 55 W C OLR (kg VS m À3 d À1 ) 1.9 (0.2) 1.9 (0.2) 4.1 (0.5) 1.9 (0.2) 4.1 (0.5) Biogas production (L d À1 ) 19 (2) 19 (2) 38 (5) 17 (2) 37 (5) Methane content (volume %) 66 (1) 65 (1) 67 (1) 63 (1) 62 (1) Methane production (NL kg VS À1 ) 312 (20) 311 (14) 301 (17) 278 (17) 275 (23) VS-destruction (mass %) 56 (5) 62 (5) (170) Methanosaetaceae (log 10 copies g ww À1 ) 10.7 (9.9) 8.6 (7.1) 8.7 (7.8) 8.2 (6.8) 8.4 (7.3)
Methanosarcinaceae (log 10 copies g ww À1 ) <4.9 (DL) 8.1 (7.2) 8. (7.8) 5.4 (4.9) 7.6 (7.5)
Standard deviation is given in parentheses, with the exception of the pH where min and max values are listed. Results for concentration of methanogens are presented as copies of the 16 SrRNA gene per gram of ww.
( Table 2 ). The results also suggests that Methanosarcinaceae was reduced in the reactor operated at 60 W C and 7 days HRT, however the high standard deviation makes any conclusion in this regard impossible. The difference in methanogenic population is interesting since the genera Methanosaeta and Methanosarcina, which are considered the main aceticlastic methanogens in anaerobic digestion and also the main genera in the families Methanosarcinaceae and Methanosaetaceae, respectively, have been shown to have very different physical characteristics, acetate utilization capabilities and tolerance against inhibitory substances ( Hygienization effect of anaerobic digestion and pasteurization at different minimum exposure times
The results of the microbial analysis of pathogens are given in Table 3 and are presented to correspond to the units of the suggested legal limits in CFU or qualitatively as negative or positive for presence. The results for the presence of Salmonella in samples of 25 g ww are positive for all samples of raw undigested mixed E. coli (log 10 CFU/g ww) 24
6.13 ± 0.24 3.6 ± 0.04
Enterococcus (log 10 CFU/g TS) E. coli was present in all samples of raw sludge, as well as in all samples from mesophilic digestion and show that mesophilic digestion alone, despite a reduction of more than 98%, was not enough to reach the limit of <3 log 10 /g TS proposed by the Swedish EPA. It was, however, sufficient to get well below the limit of 5·10 5 CFU/g ww suggested in the EU working document. For digestion at 55 W C, two results were above the detection limit (10 CFU/g ww) of which one was above the limit of 3 log 10 CFU/g TS. Since the reactor temperature was stable before sampling and the concentration of E. coli in the feed was not very high, neither could explain the high count in this sample. Most likely the data point was caused by recontamination during sampling since the same sample also showed positive results for coliform bacteria (results not presented here), while all other samples at shorter minimum exposure times gave results below the detection limit for both bacteria. Hence, digestion at 55 W C with 2 h MET, is enough to reach the limits suggested by the Swedish EPA. This is also true for digestion at 60 W C where all samples down to the minimum exposure time of 2 h gave results under the detection limit for E. coli. Results for Enterococcus showed little reduction during digestion at mesophilic temperature and concentrations were all, with the exception of one, well above the proposed Swedish legal limit of 3 log 10 /g TS. Most samples from thermophilic digestion were below the detection limit of 100 CFU/g ww, with the exception of three samples: one for 2 h MET at 55 W C, 15 days HRT; and the others both for 2.5 h MET at 60 W C and 7 days HRT that gave results exactly at the detection limit. With the method used, positive samples exactly at the detection limit mean that a single bacterium was cultivated in these samples, which could be explained by chance. Irrespective of this, due to the high detection limit for Enterococcus per gram of ww and low TS-content in the digested sludge (1.4-2.5%), it could not be shown that any samples were below the proposed Swedish legal limit of 3 log 10 /g TS. However, the centrifuged samples from digestion at 55 and 60 W C, as well as for pasteurization, were below the detection limit and had a TScontent of 12% or above and could therefore be shown to be below the proposed Swedish legal limit. It can thus be suggested that thermophilic digestion at 55 or 60 W C with minimum exposure times down to 2 h, as well as pasteurization, is enough to reach the limits for Enterococcus suggested by the Swedish EPA. This should, however, be confirmed with further studies since the method was deviated from by centrifugation of the samples.
The results for spores of C. perfringens showed a high degree of variation and no clear reduction can be seen for digestion at any temperature or for pasteurization. However, there is a superficial trend that digestion at thermophilic temperatures reduces the bacteria better than digestion at mesophilic temperature and that the reduction is slightly better at 60 W C than at 55 W C; however this can not be indisputably concluded, due to the high standard deviations. C. perfringens has, although not mentioned in the Swedish legal proposal or the EU working document, been suggested as an indicator of hygienization (Carrington ) . Since spores of these bacteria have previously been shown to survive thermophilic treatment as well as pasteurization, and the results in this study show little or no reduction at thermophilic digestion, C. perfringens should be considered an inappropriate choice as an indicator organism for hygienization (Olsen & Larsen ; Sahlström ).
A summary of the minimum exposure times needed to meet the suggested limits in the EU working document and the Swedish EPA's legislation proposal can be found in Table 4 . 
